Abstract-the model of supercapacitor and its charging performance with constant voltage charging mode, constant current charging mode and constant power charging mode were studied. A numerical method to calculate the efficiency of these charging modes was inducted. To analyze the storage performance of supercapacitor in PV system, using this method, the maximum charging efficiencies of supercapacitor when its terminal voltage raise from zero to the rated voltage with different charging modes were presented. The multi-stage charging efficiency curves were retrieved, which indicated that the constant power charging mode is more suitable when supercapacitor are charged in PV system. A MPPT plus constant power control charging strategy using two-stage Buck-Boost converter to charge supercapacitor in PV system was proposed. The simulation results showed that this strategy effectively ensure the charging efficiency of the system.
INTRODUCTION
How to improve energy efficiency of power supplies by utilizing energy storage systems has always been a key consideration, as in [1] [2] [3] [4] . Where energy is supplied by renewable energy, such as PV cells, energy storage system plays important roles in smoothing power and supplying energy at night, as in [5] [6] [7] .
The output power of solar cells array varies with light intensity, environmental temperature and output voltage. However, there is a unique Maximum Power Point (MPP) under a certain light intensity and ambient temperature, as in [8] . The output power and output voltage of solar cells are determined by output current. Therefore the maximum output power can be achieved by changing output current dynamically in Maximum Power Point Track (MPPT) control mode.
MPPT is generally realized by single-stage DC/DC converter that paralleled with PV cells. However, the output DC voltage of converter would vary in a range dynamically. As the output voltage is uncontrollable, when supercapacitor is charging, there is big difference between the supercapacitor voltage and output DC voltage. For example, during the initial charge period, a large of power would be consumed by equivalent series resistance (ESR) in supercapacitor, and the charging efficiency would be very low in this respect, as in [9] .
As a result, it is necessary to numerically analyze the charging efficiency of supercapacitor in PV system by using different charging modes, and then, an appropriate charging control algorithm can be obtained and can then be realized in converters.
II. ANALYSIS ON CHARGING EFFICIENCY
It is particularly important to control charging efficiency, because the source of energy is unstable and the output power is limited when supercapacitor is charged by renewable energy such as solar or wind energy source. PV system is not able to supply consistent charging current due to power limit of PV cells. Under such condition, the charging efficiency should not be determined by the charging current, while charging circuit allows supercapacitor to store most of the power generated by PV cells. Therefore, it is critical to have a numerical analysis on charging efficiency of supercapacitor in PV system in different charging modes. The charging circuit of supercapacitor under series connection RC model is shown in Fig.1 , where C is an ideal supercapacitor, R s is an ESR, V i is input charging voltage, I is charging current, and V c is supercapacitor voltage. From Fig.1 , it can be obtained, as the following:
The charging efficiency η is determined by the energy conserved by supercapacitor and transmitted by the charging 
In constant voltage charging mode (CVCM), the math model of capacitor voltage is obtained by using complete response of the circuit, where V c0 refers to the initial value of supercapacitor voltage:
(4) From (2), (3) and (4), when V c0 =0, the charging efficiency in CVCM can be written, as in
It is show that in CVCM, when V c0 =0, the charging efficiency increases with the elapsed charging time, but it is up to a maximum rate of 50%.
The rise rate of supercapacitor voltage remains constant too, i.e. I/C in CVCM, because the charging current I is constant, according to (2) . The supercapacitor voltage therefore can be expressed, as in
The relationship between the charging time T and supercapacitor voltage can be shown, as in
From (3), (6) and (7), the charging efficiency η in CVCM can then be expressed, as in . It is shown that the lower the charging current and the higher the supercapacitor initial voltage, hence the higher charging efficiency, meanwhile the charging speed is slower under constant current charging mode.
In constant power charging mode (CPCM), assuming the charging power is constant as i P , the charging efficiency can be expressed as:
From (1) and (2), the math equation between input power, supercapacitor voltage and current is as below:
(10) So, the differential equation of supercapacitor voltage can be obtained as below:
When time T is divided into n intervals of length Δt n , assuming that in each stepping time, the charging current is constant, and supercapacitor voltage increases linearly, and the input voltage and the charging current meet
. According to this scheme, charging power of supercapacitor within 10 seconds is calculated by using Matlab, where supercapacitor voltage V c0 =0, the charging power P i =50W, R s =25mΩ and C=55F. It is illustrated in Fig. 3 that the low supercapacitor voltage result in a very low charging efficiency in the initial charging period, because the power consumption almost consumed totally on ESR R s . However, if the total input power remains the constant, the power consumed on ESR would be decreased and the charging power on supercapacitor would be increased accordingly, and the charging efficiency would be finally up to a rate over 95%. 0V-6V, 6V-12V,  12V-18V, 18V-24V, 24V-30V, 30V-36V, 36V-42V, 42V-48V , 48V-54V, 54V-60V. The appropriate charging mode for a charging stage can then be determined by calculating the charging efficiency in constant current charging mode (CCCM) and CPCM respectively for the stage. The charging efficiency in CCCM can be calculated by using (8) , whereas the charging efficiency in CPCM can be obtained via piecewise linear approximation.
Where the maximum power of PV cells P gmax =100W, the supercapacitor value C sc =55F, ESR R s =25mΩ, and the nominal voltage of supercapacitor V t =60V, at 0V-6V charging stage, based on (8) 
At 0V-6V charging stage, under the same light intensity and ambient temperature, assuming the power of PV cells is constant, the energy obtained by supercapacitor and generated by PV cells can be calculated respectively, as in
Thus the charging efficiency would be:
It is obvious that in (12) η is an increasing function of the charging time T, while in (15) η′ is a decreasing function. So there is higher charging efficiency, because as the charging current is decreased with the longer time the energy loss on ESR falls in CCCM. However, when supercapacitor is charged by PV cells, the increase of energy generated by PV cells with the charging time would result in a decrease of the charging efficiency, while the energy obtained and reserved by supercapacitor remains unchanged. The relationships of η and η′ with T is shown in Fig.4 obtained from Matlab, where T is set from 1 to 100 seconds. At timing T=22.17s while the curves of η and η′ cross each other, the charging efficiency is 44.65%. Based on (6), at this point, the charging current I=14.885A, which is the most optimal current. It is shown that, at 0V-6V charging stage, the charging efficiency of constant current charging mode is slightly higher than charging efficiency in CPCM. However, it is not a big difference, as at the beginning of this stage supercapacitor voltage is 0, which leads to most of the power generated by PV cells to be consumed on ESR and the maximum charging efficiency to be limited to be less than 44%. There is a comparison between the charging efficiency of supercapacitor charged by PV cells in the two modes, i.e. CCCM and CPCM, where the supercapacitor voltage rises from 0V to 60V in Fig.6 . The dotted line represents the charging efficiency in CPCM, and the solid line represents the charging efficiency in CCCM. It is shown that the maximum charging efficiency in both modes increases with the rise of supercapacitor voltage, while the charging efficiency in CPCM is higher than the charging efficiency in CCCM at all the time.
It is seen that the CPCM is better than CCCM at all the charging period from the above comparisons of charging efficiency. Meanwhile, if the MPP is the tracking goal of the charging power using MPPT, the charging efficiency would be adjusted automatically with MPP. It's mean that when the power output from PV cells is larger, the charging efficiency will be lower, while when the power output falls, the charging efficiency will rise. But, the situation may be out of control as the power output from PV cells may not meet the power of the charging current in CCCM.
III. CHARGING SYSTEM USING TWO-STAGE BUCK-BOOST CONVERTER
Single-stage converter operated in MPPT control can only maximize power output from PV cells, but not control the power output from the converter. Therefore it cannot ensure the maximum energy to be delivered to supercapacitor. Fig.7 (BoCBB: Boost Cascaded Buck-Boost Converter) that front Boost circuit is cascaded to PV cells and Power generated from PV battery can be buffered through capacitor C 1 by using MPPT control. Then the back Buck circuit will reduce the voltage and deliver energy to supercapacitor according to the adopted charging strategy. Such topology is suitable to two-stage converters where supercapacitor is charged by PV cells.
There is a charging circuit that uses BoCBB converter to charge supercapacitor in Fig.8 . Also, the MPPT controller is able to maximize the power output from PV cells by adjusting the equivalent impedance of converter and adjusting Boost duty cycle of BoCBB. The power can then be stored in C bus . By using MPPT control, and the back circuit will deliver safely as much energy stored in C bus to supercapacitor as possible.
IV. SIMULATION
A simulation system where supercapacitor was charged by PV cells through two-stage Buck-Boost converter was built in Matlab/Simulink. The simulation parameters are shown, as in table I. Firstly, the circuit is simulated for 2 seconds under a constant light intensity of 400W/m 2 . There is Power output of PV cells in MPPT control in Fig. 9 . It is demonstrated that the power output of PV cells is stable at 725W after 0.1s. The setting value of the charging efficiency of the circuit is assumed to be 90%. It is illustrated in Fig.10 that at the beginning charging period the charging efficiency is low, as part of the power is consumed on ESR because of the relatively low supercapacitor voltage. The charging power will be stable at 652W after 0.5s. It is also shown that the charging efficiency after 0.1s in Fig while the supercapacitor voltage arrives at 20% of that of 2s and the charging efficiency is about 70%. Along with the increase of the supercapacitor voltage, the charging efficiency can track the setting value of 90% accurately after 0.8s.
The supercapacitor voltage will gradually increase while the charging current will drops with time, thus the whole charging power can maintains the same. The charging current would be very high and arrive at a current peak in the initial charging period under constant power charging control, because the supercapacitor voltage is relative low. Therefore, it is adopted to limit the charging current at the beginning of charging, and when the supercapacitor voltage increases to a certain percent of the rated voltage, the constant power charging control can be adopted. By comparison, it is demonstrated that the constant power charging mode is better for charging supercapacitor. The twostage Buck-Boost converter have two stages, which allows the front-Buck circuit is able to let PV cells operate under MPPT control and simultaneously the post-Boost circuit is able to let supercapacitor operate under the constant power charging mode by tracking the charging current. The simulation showed that it can effectively ensure the charging efficiency of the system.
